The effect of cephalic hypotension on brain metabolism was studied in 10 unanesthetized, normoxic (PaOZ >17 mm Hg), late-gestation fetal lambs. Perfusion pressure (cephalic arterial minus sagittal venous pres sure) was 40 ± 1 mm Hg (SEM) during control and was reduced to 10 ± 1 by occlusion of the Grachio-cephalic artery. Cerebral blood flow was measured with micro spheres, and arterial and sagittal vein blood samples were analyzed for oxygen content, glucose, and lactate. During the occlusion, oxygen consumption decreased from 125 ± 8 to 95 ± 4 (p < 0.05) (all values !-LmollOO g-I min-I), and glucose uptake increased from 20 ± 3 to 25 ± I (p <
Although multiple factors may be involved in the pathogenesis of brain injury, tissue lactate accumu lation appears to play an important role in both adult (Kalimo et aI., 1981; Rehncrona et aI., 1981; Raichle, 1982; Siesj6, 1984) and immature (Myers, 1976; Myers and Yamaguchi, 1976; Yamaguchi and Myers, 1976; Myers et aI., 1984) animals. The work of Wagner et al. (1986) , Ting et al. (1983) , and Clapp et aI. (1981) suggests that cardiovascular instability, hypotension, and subsequent decreases in cerebral blood flow are also important contributors to histo logically documented brain damage in the fetus. Lit tle is known, however, about the conditions of ce rebral blood flow and metabolism that are associ ated with the production of lactate in the fetal brain.
The present study was undertaken in an attempt to extend our understanding of the factors that gov ern fetal cerebral lactate metabolism. Cerebral blood flow and cerebral net fluxes for oxygen, glu cose, and lactate were examined at normal and ex-0.05). During the control period, there was no net lactate flux; during the occlusion, lactate excretion was 5.7 ± 1.4 (p < 0.005). The control glucose and oxygen uptakes demonstrated a normal 6:1 molar ratio; however, during the occlusion, 9.4 !-Lmol 100 g-I glucose min-I were taken up in excess of expected aerobic glucose metabo lism. If all of this glucose were anaerobically metabolized to lactate, three times the measured efflux would be pro duced. The transport properties of the fetal blood-brain barrier may be important factors in perinatal brain injury. Key Words: Blood-brain barrier-Cerebral blood flow Fetus-Glucose-Ischemia-Lactate.
perimentally lowered perfusion pressures in nor moxie, chronically catheterized fetal sheep. We sought to find the rate of cerebral flow at whieh lactate efflux could be detected and to explore the relationship between glucose consumption, oxygen consumption, and lactate production in the chroni cally catheterized fetal sheep.
MATERIALS AND METHODS

Surgical procedures
At 120-129 days of gestation, 14 ewes of mixed West ern breed received the following surgical preparation. Hysterotomy was performed, and polyvinyl catheters were inserted into both fetal brachial arteries and ad vanced until the tips approached the brachiocephalic ar tery. A hindlimb vein catheter was placed and advanced into the inferior vena cava. A trephine was used to re move a l-cm circular portion of the skull in the midline to expose the sagittal sinus midway between the coronal and lambdoidal sutures. The sinus was then punctured with a needle, and a polyvinyl catheter was inserted caudally to the vicinity of the confluens (about 1 cm). A left lateral thoracotomy was then performed, and an inflatable oc cluder (In Vivo Metrics, Healdsberg, CA, U.S.A.) was placed around the common brachiocephalic artery, which supplies both forelimb� and carotid arteries in this spe cies. All fetal incisions were closed, and a polyvinyl cath eter was sewn to the fetal skin for amniotic fluid pressure measurement.
The abdomen was closed and 106 U of penicillin G was deposited in the amniotic fluid. Animals were allowed at least 2 days, but usually 4 days, to recover postopera tively prior to any studies.
Experimental procedures
Physiological measurements. Ewes were allowed food and water ad libitum throughout the study period. The catheters were connected to strain gauges (Statham, Ox nard, CA, U.S.A.) that had been calibrated with mercury manometers. Arterial pressures were electronically meaned (0.3 Hz low-pass filter, Beckman type 9853 cou pler). The pressures from the brachial artery (which was distal to the occluder) and sagittal sinus were digitized; the difference was calculated by a computer, and the per fusion pressure was automatically regulated by changing the amount of saline in the balloon. In this manner, per fusion pressure could be prospectively specified and con trolled.
Cerebral blood flow measurements. Regional cerebral blood was measured using radionuclide-Iabeled micro spheres and the reference sample technique (Rudolph and Heymann, 1967; Makowski et aI., 1972) . For each blood flow determination, a well-dispersed suspension of ap proximately 2 x 106 15-lLm microspheres in 6% Dextran was injected over 15 s into the hindlimb vein, followed by a flush of 3 ml saline. Reference sample blood was with drawn from a brachial artery at a rate of 2.14 mllmin for a period beginning just prior to the injection and continu ing for 3 min postinjection. The isotopes utilized were l4lCe, 51Cr, 85Sr, 95Nb, and 46SC. Following completion of the experiments, the animal was painlessly killed with intravenous barbiturate and phenytoin. A postmortem ex amination was performed to verify catheter placement and to remove the brain. The brain tissues were counted with the reference samples in a Packard/Nuclear Data Multichannel Analyzer, Model 601 (Schaumburg, IL, U.S.A.). Isotopic separation and blood flow calculation were performed by the methods of Makowski et aI. (1972) , Rudolph and Heymann (1967) , and Jones et aI. (1978) .
Blood sampling and analysis. Arterial and sagittal ve nous blood samples (3 m!) were anaerobically obtained. Sagittal sinus blood has been validated as a means of sampling cerebral venous drainage exclusively, as extra cerebral contamination is negligible (Purves and James, 1969) . Blood gas and pH determinations were made at 39°C using a Radiometer model 3BGS (Copenhagen, Den mark). Oxygen contents were measured with a Lex-02 Con (Lexington Instruments, Waltham, MA, U.S.A.). Glucose and lactate were measured in duplicate in fro zen-thawed whole blood using glucose oxidase-H202 and lactate oxidase-H202 methods (YSI 23A Glucose Ana lyzer; Yellow Springs Instruments, Yellow Springs, OH, U.S.A.). The instrument was calibrated daily with stan dard solutions. Intrareplicate reproducibility was with in 4%.
Protocol
Following control measurements, the balloon occluder was inflated to reduce cerebral perfusion pressure. After 2 min of ischemia, arterial and venous samples were taken and another microsphere measurement was made immediately. The balloon occluder was then released. In some cases, the experiment was repeated the same day after a period of several hours. 1989 In initial animals, a range of experimental perfusion pressures was generated in order to determine the level at which lactate efflux could be detected. Blood flow mea surements were not made during all of these experiments.
In subsequent experiments, an attempt was made to stan dardize the ischemic perfusion pressure (brachial artery minus sagittal sinus) at 10 mm Hg.
Calculations and data analysis
Grouped means and standard errors of the mean be tween control (no occlusion) and ischemic conditions (perfusion pressure <15 mm Hg) were calculated be tween animals, with "n" representing the number of an imals. Blood flow measurements were made in each case included in these groups. Data from less severe occlu sions (perfusion pressure> 15 mm Hg) were not included in these analyses. The results of the experiments for each animal were averaged into a single control and a single ischemia value. Statistical significance was inferred by unpaired t tests.
Metabolic fluxes were calculated as the product of ar teriovenous difference multiplied by the cerebral blood flow. Substrate delivery was calculated as the product of arterial concentration and cerebral blood flow. Metabolic extractions were calculated as the metabolic rate divided by the delivery rate. The glucose-oxygen quotient was calculated as six times the glucose uptake divided by the oxygen uptake. Similarly, the glucose-lactate-oxygen quotient was calculated as six times the glucose uptake minus half the lactate efflux, divided by the oxygen up take. Cerebrovascular resistance was calculated as the perfusion pressure divided by the cerebral blood flow. Figure 1 illustrates the relationship of arteriove nous lactate difference to perfusion pressure. At a normal cerebral perfusion pressure of approxi mately 40 mm Hg, there was no consistent arterio venous difference. However, when perfusion pres sure was reduced to below 15 mm Hg, almost all arteriovenous differences were negative (vein greater than artery), indicating that during isch emia, the cerebral cortex was a net producer of lac tate.
RESULTS
Relationship of perfusion pressure to lactate efflux
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Cerebrovascular dynamics
The reduction in perfusion pressure from 40 ± 1 (mean ± SEM) to 10 ± 1 mm Hg reduced mean cerebral blood flow from 115 ± 8 to 30 ± 2 ml 100 g-I min -I (p < 0.00 1). Cerebral vascular resistance was not significantly changed from control (0.37 ± 0.02 and 0.35 ± 0.02 mm Hg/ml 100 g-l min-I, respectively).
Blood analysis
Blood gas and hematocrit data are presented in Table 1 . Arterial blood gases did not significantly change during ischemia. There was a significant drop in sagittal venous pH during the ischemic in sult, which was largely due to the significant in crease in sagittal venous Pco2• Venous oxygen con tent fell due to an increase in oxygen extraction during the restricted flow.
Metabolic effects
In the control state, oxygen delivery (arterial ox ygen content multiplied by cerebral blood flow) was 409 ± 20 j.Lmol 100 g-I brain min-I (Fig. 2) . The brain consumed 124 ± 8 j.Lmol 100 g -I min -I, re sulting in an oxygen extraction fraction of 0.3 1 ± 0.0 1. During the ischemic insult, oxygen delivery fell to 112 ± 5 (p < 0.00 1); although the arteriove nous difference widened from 1.10 ± 0.05 to 3.17 ± 0. 14 mmollL (p < 0.00 1), the oxygen consumption fell to 95 ± 4 (p < 0.00 1), yielding an extraction fraction of 0.85 ± 0.0 1 (p < 0.00 1). The fetal brain initially consumed 0. 17 ± 0.02 of the glucose deliv ered in the control state, resulting in a glucose up take of 20 ± 3 j.Lmol 1 OOg -I min -I; during ischemia, the glucose extraction increased to 0.64 ± 0.03 (p < 0.00 1), yielding an uptake of 25 ± 1 (p < 0.00 1). Lactate efflux (Fig. 3) was not significantly different from zero in the control state; during ischemia, a net efflux of 5.7 ± 1.4 j.Lmol 100g -I min -I was measured (p < 0.00 1). The glucose-oxygen quotient increased from a control value of 1.05 ± 0. 1 to 1.63 ± 0.08 (p < 0.02) during ischemia. Even when the measured lactate production was taken into account by the glucose-lactate-oxygen quotient, one cannot account for all glucose uptake: this quotient in creased from 1.02 ± 0. 10 to 1.47 ± 0.07 (p < 0.05).
DISCUSSION
Our results confirm the observation in the near term fetal sheep that no measurable arteriovenous difference exists for lactate at control perfusion pressures during normoxia (Jones et aI., 1975) . We detected an arteriovenous difference for lactate be Iow a perfusion pressure of 15 mm Hg (Fig. 1) . This corresponds to a cerebral blood flow of 30-40 ml 100g -I min -I. It is difficult to determine a precise upper threshold for lactate efflux because, as the flow to an organ increases, the arteriovenous differ ence for a given efflux rate will decrease. The abil ity to detect that difference is then limited by the ability to detect very small differences in the blood lactate concentrations. We cannot therefore rule out a small lactate efflux at higher perfusion pres sures, although our data do not suggest it.
It is important to note that we have measured an efflux rate rather than a production rate. If one makes the assumptions that the glucose in excess of aerobic needs is utilized exclusively for the produc tion of lactate, that glucose is the only aerobic sub strate, and that lactate will be produced only from glucose, then actual lactate production from our data can be estimated to be approximately 19 j.Lmol l00g -1 min -1. However, only about 6 j.Lmol lOOg -1 min -1, one-third of that amount, was measured as the net efflux. Therefore, we conclude that lactate was accumulating in the fetal brain during ischemia. Other fates for glucose are unlikely (Vannucci and Duffy, 1977; Rehncrona et aI., 1981; Yoshida et aI., 1985) . Tissue concentrations of metabolites can only be known by assay of tissue samples, which is not possible in unanesthetized fetal preparations.
A likely explanation for lactate accumulation is that the blood-brain barrier acts to limit the efflux of lactate under these experimental conditions. Studies of lactate transport in neonatal and adult animals indicate that the blood-brain barrier obeys saturable kinetics, which is consistent with a car rier-mediated transport mechanism. Cornford and Cornford (1986) found maximal unidirectional lac tate flux to be about 7 j.Lmol lOOg -1 min -1 in the newborn rabbit; it decreased substantially at 28 days of life. At present, the kinetics of fetal lactate transport are unknown.
There have been a small number of studies of fetal cerebral carbohydrate metabolism during hyp oxia. Blomstrand et ai. (1984) studied anesthetized fetal sheep during hypoxia induced by lowering ma ternal inspired oxygen fraction. Their findings par allel ours: an increase in glucose uptake, a decrease in oxygen consumption, and the initiation of lactate efflux during severe hypoxic-ischemic insults. Al though the magnitude of lactate efflux rate was not reported, it is likely that their animals underwent a similar change in their carbohydrate metabolism. Their experiment is different from the present work in that both ewe and fetus suffered systemic hyp oxia and associated hyperlactatemia, whereas our fetuses were arterially normoxic and normolac tatemic.
In systemically hypoxic models, arterial lactate levels are elevated (Vannucci and Duffy, 1976; Wagner et aI., 1986; Laptook et aI., 1987) , in some instances in excess of measured brain concentra tions (Vannucci and Duffy, 1976; Wagner et aI., 1986) . Vannucci and Diffy (1976) measured approx imately 7 mmollkg (wet weight) lactate in neonatal rat brain following 5 min of anoxia, whereas arterial J Cereb Blood Flow Me/ab, Vol. 9, No.1, 1989 lactate concentration was approximately 12 mmol! L. When arterial lactate concentrations exceed that of brain tissue, there will be a net uptake. In our normoxic experiment, the reverse was probably the case: tissue lactate concentration probably ex ceeded arterial lactate, with the gradient favoring lactate efflux. During arterial hypoxia, blood-brain barrier lactate transport limitations may act to pro tect the fetal brain from systemic lactic acidosis when the arterial concentration exceeds that of the brain.
In conclusion, severe reductions in the cerebral perfusion pressure of near-term fetal sheep are as sociated with a decrease in cerebral blood flow and oxygen consumption, an increase in glucose up take, and the production of lactate. Stoichiometric analysis suggests that lactate production exceeds the measured efflux rate and that lactate is accumu lating in the brain tissue due to a blood-brain barrier limitation of efflux. Definitive conclusions regard ing these findings will require a greater knowledge of fetal blood-brain barrier kinetics and fetal tissue metabolites during ischemia.
